Introduction
The 10 Hz global orbit feedback system (gofb) was designed to correct the 10 Hz horizontal beam perturbations in both rings that are suspected to be caused by vibrations of the final focusing quadrupoles (triplets) [1, 2] . The full system envisioned for Run-11 consists of 36 BPMs, corresponding to 2 per triplet in each of the 12 triplet locations and two in each of the 6 arcs, and 1 dipole corrector at each triplet location for a total of 12 correctors. Prototype testing was successfully carried out during RHIC Run-10 in store condition with 4 new dipole correctors (with independent power supplies) and 8 stripline beam position monitors (BPMs) per accelerator. An SVD-based algorithm was used to compute the applied corrections. For Run-10, the response matrix was provided by W. W. MacKay. The response matrix R relates corrector angles to beam displacements at BPMs.
For Run-10, the matrix R was 8 by 4 in dimensions 
where is the closed-loop transfer function which correlates corrector strength Eq. (2) was used to calculate the response matrix R, and furthermore to solve for the required corrector strength based on the beam position measurements using SVD or least-square algorithm [3] with the R as derived from the online optical model (OptiCalc). In order to generate a more accurate (direct measurement avoids errors in BPM and corrector calibrations and in the optical model) response matrix R, ORM measurements were performed in both accelerators during Run-10. The correctors were driven sequentially at 12 Hz; the BPM values were recorded at a sampling rate of 1 kHz. In this report, we mainly discuss how to generate the response matrix for each ring using experimental data acquired during system prototyping in Run-10.
Data
For the list of correctors and BPMs used in Run-10, please check this link: http://www.cadops.bnl.gov/Instrumentation/InstWiki/index.php/Orbit_Feedback,_10_Hz_Global#Run-10
The data were taken on Apr. 15 th , 2010, for fill 12183 at 39 GeV Au-Au run. As an example, the beam positions from BPM bo6-b1 (first BPM counting from 6 o'clock clockwise) is shown in Fig.1 as each of the 4 correctors were excited consecutively from the blue ring.
Fig. 1 Beam positions from BPM #1
The upper plot shows the raw data after removal of spurious zero readings. The average beam position was calculated for the first several seconds with all correctors off. By subtracting the average, the relative beam displacements due to the corrector excitations are shown in the lower plot. The corresponding corrector angles are shown in Fig. 2 , showing the envelope of the applied 12 Hz excitations, where the conversion to angles was made using angle to current ratio as 6.103*10 -7 mrad/ADC count of current readback [4] at 39 GeV for Au beam. The red squares indicate the start and end points. Here, too, the zeroes from LogView have been eliminated. The peak-to-peak amplitude was 1×10 -2 mrad. 
Data analysis
We evaluated three different methods for generating the response matrix from the experimental data. All methods aim to extract the slope ∆x/∆θ due to the applied excitation while minimizing contributions due to other sources of perturbation to the beam trajectory such as from the triplet vibrations. One of the methods for calculating the response matrix R is to create correlation plots between the 8 BPMs and 4 correctors (Fig. 3) , perform linear fitting, extract 32 slopes ∆x/∆θ corresponding to the 32 elements of matrix R. The other two equivalent methods require determination of the amplitudes of beam displacement at the applied excitation frequency. The ratio of this amplitude to corrector strength amplitude gives the matrix elements (Fig. 4) . Extracting the beam response was evaluated in both the time and frequency domains using curve fitting and fast Fourier transforms (FFT) respectively. In the following, data analysis (mostly for blue ring) will be presented. In the next two sections, we fit for the beam amplitude response using the other two methods mentioned before.
(2). Finding amplitude by curve fitting
Because of the presence of the other frequencies (dominated by the 10 Hz), beating of two dominating frequencies (10 Hz and 12 Hz) is clearly observed in the BPM measurements as shown in Fig. 8 . To determine the amplitude of the beam response to the applied 12 Hz oscillation, curve fitting of the BPM measurements is used. The equation for curve fitting is
where A 1 , A 2 are the amplitudes, and ϕ 1 , ϕ 2 are the phases of the components at dominant frequencies f 1 and f 2 . These two frequencies were obtained by Fourier analysis of the BPM measurements yielding as the two most dominant sources of excitation f 1 = 12.06 Hz and f 2 =10.16 Hz. In MatLab, the resulting FFT amplitude is
where A is the time domain amplitude and n is the number of data points. This is true only if the number of FFT points is greater than or equal to the number of data samples. If the number of FFT points is less, the FFT amplitude is lower than the original amplitude by the above amount (A*n/2). Therefore, the amplitude of a particular frequency (12 Hz in this case) can be derived according to Eq. (4) with zero padding of the original signal (to approximately 4 times the original length) before performing the Fourier transform. Figure 9 shows the FFT of BPM #1 measurement obtained with excitation of corrector #1. The corresponding matrix element is calculated to be 96.4 mm/mrad. By doing so for all BPMs and correctors, the matrix R fft is generated as shown in Appendix A.
The deviation in absolute values for three matrices, Rlinearfit, R curvefit and R fft , is about 8%. The numerical results obtained using the three methods described in the last sections given in Appendix A are shown in Fig.10 . As mentioned earlier, the last two methods used to extract the beam response at the applied frequency gave absolute value only. The sign of each matrix element can be derived by inspection of the relative phases between BPMs and correctors by comparing the phases at BPMs and correctors at the applied excitation frequency derived from the FFT. This results in a matrix of relative phases for blue ring in units of degrees. As an example, the beam responses to a pure applied sine excitation only. Then, the response detected at a BPM is either in phase (0 degree relative phase) or out of phase (180 degree) with respect to the correctors since the transit time between corrector and BPM is negligible. However, small deviation from 0 and 180 degree relative phase are presented because of 10 Hz distortion. A sign matrix was generated with elements set to +1 if the relative phase in Dphi above was close to 0 degree and set to -1 if relative phases close to 180 degree. This sign matrix agrees with the signs from linear fitting in section 1.
Orbit response matrix (ORM) calculation
The three methods described above are in relatively good agreement, however markedly different from the model used both in the analysis and as used in the feedback algorithm. We next checked this model matrix using Twiss parameters derived from the online OptiCalc model.
Based on [5] , the closed orbit at an arbitrary position s with a corrector (kick angle θ) at position s 0 is where is the Green function of Hill's equation. The orbit response arising from a dipole kick is given by the product of the Green function and the kick angle. A slightly different formula is presented in [6] .
In [7] , calculation of the ORM from transfer matrix is elaborated. Using the Twiss parameters 1 extracted from OptiCalc, ORM are calculated based on the models in [5] [6] [7] . Not surprisingly, the three matrices The matrix elements are plotted in Fig. 11 together with the model matrix provided by W. W. MacKay, which shows excellent agreement. In addition to BPM gain and corrector calibration which both cause systematic errors, 10 Hz distortion introduces random error. Also, one needs to take into account the fact that the real matrix could be quite off the model matrix during store with small beta star at the two RHIC interaction points. One known source of systematic error concerns the difference between the designed tune and the measured tune. Fig. 14 shows the effect of a tune change on magnitude of a transfer matrix element in blue ring together with the design point and working point. With the measured tune, some of the big relative errors are reduced noticeably, however, increasing of errors of other individual matrix elements is also observed. As a speculation, amplitude detuning and change of beta functions during the measurements could be part of the reason for the discrepancy between measured and model matrix.
Clarified problems
The above results were reached after two problems, pertaining to the corrector ordering and the sign convention for correctors, were clarified. Initially the matrix of transfer functions elements had opposite sign compared to the model matrix in two of the four rows. The wrong corrector ordering was realized after checking the symmetry of the matrix. As shown in the schematic below, the elements are almost symmetrical to the axis, which result in very close numbers for certain matrix elements pairs. Inspection of the model matrix revealed that it is composed of four sub matrices of the same symmetrical pattern which was not visible initially on the measured matrices. However, by rearranging the rows (which means changing the order of correctors), one obtained a matrix of the same symmetrical pattern. This led us to recheck the ordering and finally correct it. The signs of the measured and model matrix elements were then in agreement in the blue ring, however, the measured matrix elements for yellow ring has opposite signs with respect to the model. This turned out to be caused by a discrepancy in the sign convention of the 10 Hz gofb correctors compared to nominal RHIC convention. The dipole sign convention at RHIC is: positive deflection means positive BPM reading, also means outward or up deflection for both beams, which has the consequence that the orientation of the fields of the dipoles are opposite in the blue and yellow ring. However, the orientations for the 10 Hz feedback correctors were made during installation the same for both rings. It was reported that initial testing in the yellow ring diverged until sign flip implemented online.
Summary
Three methods for generating the response matrix from the measured data were presented. The results agree with each other reasonably well. Calculations of the orbit response matrix were given, which showed identical results and agreed with matrix from W. W. MacKay very well. After the wrong ordering of correctors and sign convention were clarified, the measured matrix and model matrix reached good agreement after including the systematic scaling factor correction in yellow, however, the discrepancy (30%) is not understood in blue.
As benefits to the future upgrade to the 10 Hz gofb system, algorithms were developed to process ORM data and generate measured transfer function elements and from these the measured SVD matrices; scripts were compiled (by A. Marusic) to extract Courant-Snyder parameters from the online OptiCalc model and generate model SVD matrices for fast turn-around of implementation when implementing a new optics.
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